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Abstract:  
  In the work, features of the layer-by-layer selective laser synthesis (SLS) of ruby from 
an Al2O3–Cr2O3 mixture are considered depending on the irradiation power, the laser beam 
traverse speed, the height and amount of the backfill of powder layers. It has been established 
that, under irradiation, a track consisting of polycrystalline textured ruby forms. The 
morphology of the surface of the track and its crystalline structure are determined by the 
irradiation conditions. 
Keywords: Al2O3- Cr2O3 Powder mixture, Compact, Laser treatment, Ruby. 
 
 
 
Introduction 
 
  It is known that corundum (α-Al2O3) finds extensive application in different fields of 
engineering. The combination of high electric resistance and thermal conductivity provided its 
use in the production of integral circuits and substrates for chip casings. Alumina ceramics is 
used in nuclear power plants as a heat and an electric insulator in the active zone, for IR 
windows or as armor for low threat applications where thinner tiles can be used [1–4]. In 
recent years, along with traditional powder metallurgy methods for the synthesis of corundum 
ceramics, selective laser sintering has been developed [5], which makes it possible to combine 
complete and partial melting in a single cycle, i.e., to perform liquid-phase sintering. The next 
stage of development of this technology is layer-by-layer SLS. This method is based on 
stereolithography, which provides prototyping of layers [6–9], and enables one to obtain 
complex-shaped articles. 
In layer by layer SLS of corundum, additives which play the role of binders of grains of 
the basic material in the stage of powder pressing and sintering are introduced in Al2O3 
powder to provide the required density and strength of the consolidated material [8, 10–15]. 
Among corundum-based ceramics, ruby, which is a solid solution of chromium ions in 
the solid structure of the covalent Al2O3, is the most extensively used material. Ruby single 
crystals are used as a working element of lasers. The single crystal laser medium is generally 
limited by its size and the amount of optically active elements [16]. For the solution of these 
problems, it is interesting to use polycrystalline corundum with chromium oxide additives 
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is possible to combine chromium diffusion in the aluminum oxide lattice, sintering of a 
disperse system, its melting and crystallization and elucidate features of the formation of ruby 
layers. 
 
 
2. Experimental Technique 
 
In this work, commercially available Al2O3 and Cr2O3 powders (Reasol, 
ReactivoAnalitico, Mexico City) with a particle size of 40 nm and 1.8 μm, respectively, were 
used. The powders were mixed in the Al2O3: Cr2O3 weight ratio of 97:3. The obtained mixture 
was pressed in compacts in the form of pellets 30 mm in diameter and 3 mm thick under a 
pressure of 5 MPa. 
The compacts were irradiated with a continuous-action laser of with a wave length       
λ = 1064 µm (LTN-103 unit, Russia) at the values of the irradiation power P1 = 90 W,           
P2 = 120 W, P3 = 160 W and P4 = 190 W. The diameter of the laser spot (d) was 0.2 mm and 
0.8 mm. The laser beam was moved over the surface of the compacts at traverse speeds of a 
coordinate table (v) of 1.25 mm/s, 0.64 mm/s, 0.4 mm/s, 0.26 mm/s, and 0.13 mm/s. The 
system of vertical movement of a sample without changes in the size of the laser spot enabled 
us to perform additional operations on the surface of compacts. 
With the laser unit, one-run and multiple-run treatment along the same path of 
compacts was performed. In the first case, on a surface the concave channel was formed. At 
multiple-run treatment an originally formed concave track was filled up by the powder 
mixture. A powder was consolidated and planed.  After this procedure a filled channel was 
subjected to irradiation. The procedure of filling of the channel by a powder mixture and its 
irradiations again was repeated. The number of such backfills of channel and procedure of 
irradiation was from 2 to 12. Gradually above the specimen surface a convex track appeared. 
The height of backfill inside each series of experiments was constant. A series of experiments 
was realized in which the height of backfills was different:   h1 = 125 μm, h2 = 250 μm,          
h3 = 350 μm, and h4 = 500 μm.  
An electron microscopy study and an X-ray microanalysis were carried out with a 
Superprobe-733 scanning electron microscope (JEOL, Japan) and a Scanning Electron 
Microscope SEM /FIB NOVA 200 (Bruker, Gemany). X-ray diffraction analysis of the 
specimens was performed using a Siemens D-500 diffractometer (Munich, Germany) in Cu 
Kα radiation. Infra Red (IR) spectra were obtained with a Specord M80 spectrometer (Karl 
Zeiss, Germany). Electron Paramagnetic Resonance (EPR) investigations were performed 
with an X-band microwave spectrometer at room temperature (SE/X 2547-Radiopan, Poznan, 
Poland). 
After irradiation the formed channels (tracks) represent a glazed material of red color. 
The tracks are easily extracted from friable pressings.  
Using X-ray diffraction, IR-spectroscopy and the EPR method, tracks and layers of the 
material located under tracks at different depths were investigated. Note that the formed track 
is red. Under the track, a dense strong pink layer, which is difficult to separate from the track, 
is located. Below it, a loose grey–green layer, characteristic of the compact before treatment, 
lies. 
To obtain micrographs, the track was cut by two methods, namely, along a diagonal in 
order to retain the lateral sides and bottom and perpendicularly to the surface of the track. 
Fractures of tracks were also investigated. 
Ablation products were deposited on quartz collective plates. Such a plate was located 
in parallel with the surface of a compact at a distance of 20 mm from it. 
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3. Experimental Results 
3.1. Electron Microscopy 
 
In one-run passing of the laser beam, a channel forms on the surface of the compact. 
The depth of the channel and the morphology of its surface depend on the irradiation 
parameters (P, v and d). For instance, with increase in the irradiation power (P) at v = const or 
with decrease in the beam traverse speed (v) at P = const, cavities and through holes form on 
the surface (Fig. 1a), which is due to complete melting and evaporation (ablation) of the 
material from the irradiation zone. 
 
Fig. 1 Micrographs of channels formed in one-run (a) and four-run (b) treatment of a 
compact: P = 160 W; d = 0.2 mm. For (a), v = 0.26 mm/s (a). For (b), v = 1.25 mm/s. The 
height of each backfill (h) is 250 μm. Microsections were made of samples cut along 
diagonals of the channels. 
 
In layer-by-layer building up of layers, a new-formed product gradually fills the 
channel zone.  On a section of the channel, boundaries of layers are seen (Fig. 1 b). Between 
the layers, pores and cracks are present. As a rule, in the upper (external) layer of the channel, 
the size and the number of pores are larger than those in the volume between the layers. 
A distinct relation between the number of the formed boundaries between layers and 
the number of poured powder layers (backfills) is not observed because the formation and 
stabilization of boundaries is influenced by a number of factors, namely, the irradiation 
power, laser beam traverse speed and the amount of the added powder. For instance, at the 
same values of beam traverse speed and the height of the backfill, with increase in the 
irradiation power (P), the healing of defects and heterogeneities and the disappearance of 
interlayer chains of pores are more clearly seen. An increase in the beam traverse speed (v), 
particularly at a high irradiation power, is accompanied by an increase in the porosity of the 
new-formed material (Fig. 2 a). An analogous result is obtained as the thickness of the 
powder layer (h) increases. In this case, chains of pores also appear, and cracking is enhanced 
(Fig. 2 b). It is precisely these defects that are places of predominant fracture of samples even 
under very small mechanical loads. 
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Fig. 2.  Micrographs  of  channels  formed  as  a  result  of  irradiation  at  P  =  160  W  and                  
d = 0.2 mm. For (a), v = 0.64 mm/s; 4 layers of the backfill with h = 250 μm. For (b),             
v = 1.256 mm/s; 3 layers of the backfill with h = 375 μm. Microsections were made of 
samples cut along diagonals of the channels. 
 
In a micrograph of the multilayer material formed in the channel (Fig. 3), it is seen that 
as the distance to the surface of the channel decreases, grains become coarser and their 
texturing occurs in the direction of movement of the laser beam. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Micrograph of a multilayer channel obtained at    
P = 90 W, d = 0.8 mm, v = 0.64 mm/s, 3 layers of the 
backfill with h = 125 μm. I → VI corresponds to the 
direction of photographing from the surface of the 
channel to the sintering region under the channel. M. Vlasova  et al./Science of Sintering, 42 (2010) 3-13 
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The obtained data enable us to conclude that to form of a homogeneous material of the 
track and improve its strength, it is necessary to prevent the formation of a multilayer 
structure, i.e., to prevent pore formation and cracking. For this purpose, the irradiation power 
and beam traverse speed must be decreased, and the thickness of the backfill is to be 
minimized. In other words, conditions maximally close to conditions of growth of corundum 
crystals are required [17, 18]. 
 
 
Fig.4. Micrograph of deposited ablation products. 
 
The laser treatment of the compact surface is accompanied by the formation of ablation 
products, which deposit in the form of nanopowders (Fig. 4). According to the microanalysis 
data, the powder contains Al, O and Cr. 
 
 
3.2. X-ray analysis 
 
According to the X-ray analysis data, the main phase of the powder compacts is Al2O3 
(corundum), which has a hexagonal lattice with constants a = 0.476 nm and c = 1.299 nm. In 
X-ray diffraction patterns, 2 weak lines with d = 0.24 and 0.167 nm, which are assigned to the 
strongest line of Cr2O3, are also present (Fig. 5). Thus, the powder compacts are mixtures of 
crystalline phases, the contents of which correspond to the set ratio of the components. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Fragment of X-ray diffraction patterns of the 97 wt. 
% Al2O3 + 3 wt. % Cr2O3 initial powder mixture (a), a 
monolayer channel (b), a multilayer channel (c), and the 
surface layer of the multilayer channel (d). (o) Al2O3; (v) 
Cr2O3; (x) Al9Cr4. M. Vlasova et al. /Science of Sintering, 42 (2010) 3-13 
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For tracks formed by layer-by-layer SLS, at first, after one-run treatment, the 
interplanar spacing diminishes (d) and then rises with the number of layers and irradiation 
intensity increase (see Tab. I). In view that the ionic radiuses Cr
3 + and Al
3 + are 0.064 nm and 
0.05 nm, accordingly, the obtained results can be explained by the fact that, at first, ions of  
Cr
+3 penetrate into the Al2O3 lattice, and then some chromium ions leave the earlier formed 
aluminum–chromium oxide.  The appearance in X-ray diffraction patterns, of additional lines 
(d = 0.364 and 0.215 nm) (see Fig. 5), the location of which is close to those of lines of the 
Al9Cr4 intermetallic phase [19, 20], indicates the development of processes of destruction of 
the aluminum–chromium oxide lattice. 
 
Tab. I. Change of d100 in aluminum–chromium oxide in after laser treatment in different 
conditions  
 
Laser treatment type  d100, nm  Lattice type 
Initial compacted mixture  0.2084  corundum 
One-run treatment, 
P = 120 W,  v = 1.25 mm/s 
0.2069 aluminum  chromium 
oxide (ruby) 
2 layers of the backfill, 
P = 120 W,  v = 0.64 mm/s 
0.2075 aluminum  chromium 
oxide (ruby) 
4 layers of the backfill, 
P = 120 W,  v = 1.25 mm/s 
0.2076 aluminum  chromium 
oxide (ruby) 
4 layers of the backfill, 
P = 160 W,  v = 1.25 mm/s 
0.2078 aluminum  chromium 
oxide (ruby) 
4 layers of the backfill, 
P = 190 W,  v = 1.25 mm/s 
0.2079 aluminum  chromium 
oxide (ruby) 
 
 
Decreases on the interplanar spacings of the oxides and redistribution of the intensities 
of their lines testify to not only a change in the composition of the aluminum–chromium 
oxide in its homogeneity region, but also to the presence of defectiveness in it along the 
planes (113) and (116). Since a deviate of intensity of lines of the diffraction spectrum from 
standard values is typical for textured materials [22 - 24 ]. It is possible to assume that in this 
case texturing of the track material  takes place. This assumption is in accordance with [25]. 
 
 
3.3. EPR Data 
 
In the 97 wt. % Al2O3 + 3 wt. % Cr2O3 initial mixture, only a weak broad EPR signal, 
which is due to the defective states of the α−Cr2O3 phase, is observed at g ~ 1.9 (Fig. 6 c). For 
a red track, EPR lines are registered at gI  ≈ 1.22, gII  ≈ 1.47,, gIII ≈ 3.38, and gIV ≈ 22 (Fig. 6 
a). This spectrum is typical of polycrystalline ruby crystals [21, 25]. For the pink dense layer 
located under the channel, a ruby spectrum, which, however, has a lower intensity, is also 
observed (Fig. 6 b). For both the initial mixture and the lower layer, the EPR spectrum of ruby 
is absent, but a weak signal from αCr2O3 is recorded. 
Thus, in the irradiation zone of the powder mixture, ruby is synthesized. For samples 
taken from layers located at larger distances from the track, the gradual weakening of the EPR 
spectrum of Cr
3+  ions is due to lower temperatures in these regions and, hence, retardation of 
the entering of Cr
3+  ions in the lattice of corundum. For instance, in the track, the content (c) 
of Cr
3+  ions in Al2O3 is ~1.5 at. %, whereas in the sintered layer at a depth of ~2 µm, c ~ 0.5 
at. %. The assessment of с was performed in comparison with standard EPR spectra. 
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Fig. 6.  EPR spectra of the channel material (ruby) (a), sintered material located under the 
channel (b), and a lower layer (this EPR spectrum coincides with the spectrum of the initial 
powder mixture) (c). 
 
 
3.4. IR Spectroscopy Data 
 
IR absorption spectra of corundum for different layers of the material located under the 
track illustrate gradual weakening of the band at ν2 ~ 500 cm
-1 as the distance to the track 
decreases (Fig. 7, spectra 2–6). A spectrum obtained from the track is assigned to the 
spectrum of ruby [26] (see Fig. 7, spectra 1 and 6), which agrees with the EPR results.  
 
 
Fig. 7. IR absorption spectra of the surface layer of a track (1) and a layer located lower than 
the track by 0.5 μm (2), 1.0 μm (3) and 1.5 μm (4). Comparison of spectra of corundum (5) 
and ruby (6). The sample:KBr ratio is 1:150 for spectrum (1) and 1:300 for spectra (2-6). M. Vlasova et al. /Science of Sintering, 42 (2010) 3-13 
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Fig. 8. Changes in the intensities of IR bands at ν1 ~ 460 cm
-1 (1) and ν2 ~  500 cm
-1 (2) in 
samples taken under a track at different depths h. The sample:KBr weight ratio is 1:300. 
 
An interesting feature is that the intensities of all absorption bands decrease as the 
distance to the track decreases. For the track, the intensity of the spectrum appears to be much 
weaker than that for the subsurface layers (see. Fig. 8). The cause of the weakening of the 
spectrum is the formation of a shielding conductive phase. It is likely that this phase is Al9Cr4 
[27], which was detected by the XRD. The weakening of the band at ν1 ~ 460 cm
-1 in the 
samples as the distance to the surface of the track decreases (see Fig. 8, curve 1) indicates the 
gradual accumulation of the intermetallic compound in the surface layer of the track.  
 
 
4. Discussion 
 
The SLS of ruby is a high-temperature process, the specific feature of which is high-
temperature crystallization. In the development of the fundamentals of high-temperature 
crystallization, along with the study of the parameters determining directly its development 
(mechanism of growth, heat and mass transfer, and the accumulation of macroscopic 
inclusions and impurities in phase boundaries), the necessity of considering of some aspects 
of the chemical and physical kinetics (such as thermal dissociation in melting, high-
temperature chemical interactions of the melt with an atmosphere of crystallization and with 
the container material, solid-state chemical reactions with the participation of point defect and 
impurities, etc.) appeared [28]. It has been established that the melts of high-temperature 
compounds are dissociated. For instance, the melting of aluminum oxide (under normal 
pressure) is accompanied by dissociation with the formation of Al, Al2, A12O, A1O, and 
А12O2 ions under the melt [29]. In the melt, an excessive number of aluminum ions forms. 
This leads to the development of the aluminothermic reduction of impurity oxides to the metal 
state [30]. On the other hand, the excessive number of ions of the solidified matter in the melt 
causes negative consequences, which are analogous to the action of foreign impurities. In this 
case, the effect of concentration overcooling, which disturbs the morphological stability of the 
crystal growth front and favors deviation of the contents of the main elements from the set 
stoichiometric formula up to the formation of other phases, is of particular importance. 
Taking into account the aforesaid, it is precisely dissociation of А12O3 that is the main 
cause of pore formation in the channel zone (in ruby). A part of vapor and gaseous products 
leave the melt, whereas the other part remains in the melt. At the same time, Cr2O3 
dissociates, which is accompanied by the formation of vapor and gaseous products [ 29]. M. Vlasova  et al./Science of Sintering, 42 (2010) 3-13 
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In the process of building up each next layer (which is an analog of the process of 
monocrystal growth according to Verneuil), at first, beads of the gaseous product are forced 
out by the crystallization front. As the number of accumulated gaseous beads increases, a 
zone with a high content of inclusions forms. The melt gets free from gaseous components. 
As the crystallization process develops further, a zone containing a smaller number of gaseous 
inclusions forms. 
As a result of the evolution of vapor products, a film which consists of highly disperse 
А12O3 and Cr2O3 particles forms on the substrate. 
In all regimes of SLS, Cr
3+ ions enter into the lattice of Al2O3, and ruby crystallites 
form. The size of crystallites is determined by the crystallization conditions (the temperature 
gradient). Since in this case, crystallization from the melt occurs, as temperature decreases 
with distance from the laser-treated surface, the size of ruby crystallites decrease. The 
movement of the laser beam also sets a certain gradient on the surface and causes the directed 
motion of the cooling melt (under the action of hydrodynamic forces), which leads to the 
texturing of crystallites. 
Along with the synthesis of ruby crystallites from the melt in the surface layer of the 
track, in the deep layers of the compact, sintering of corundum and entering of Cr
3+ ions 
simultaneously occur. The degree of development of chromium diffusion process is 
determined by the temperature gradient. 
The appearance of metallic aluminum in the alumina melt induces alumothermic 
reduction of chromium oxide, which is accompanied by the formation of Al9Cr4. According to 
the IR spectroscopy data, the intermetallic is accumulated in the upper layer of the ruby track. 
Thus, the performed investigations have shown that, in essence, the SLS of ruby is 
close to the processes and methods of growth of corundum and sapphire both in the vertical 
and horizontal direction. It is assumed that the optimization of the SLS of ruby will make it 
possible to extend the field of application of this material in different branches of engineering. 
 
 
5. Conclusions 
 
1. It has been established that layer-by-layer SLS can be used for the synthesis of ruby from 
Al2O3 + Cr2O3 powder mixtures. 
2. In the irradiation zone, a track, which consists of ruby crystallites textured in the direction 
of movement of the laser beam, forms. 
3. On the surface of the ruby track, a conductive film on the base of Al–Cr alloys forms. 
4. The porosity of the track and the morphological features of its surface depend on the 
irradiation parameters (the irradiation power, transverse speed of the laser beam, and its 
diameter) and the number of built-up layers. 
5. The lower layers under the track consist of sintered polycrystalline ruby with different 
contents of Cr
3+ ions. 
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Садржај: У раду је дат опис ласерске синтезе слој-по-слој рубина од смеше Al2O3–
Cr2O3 у зависности оф снаге ирадијације, попречне брзине ласерског снопа, висине и 
количине  позадинског  пуњења  слојева  праха.  Утврђено  је  да  се  под  ирадијацијом 
формира трака која садржи текстуру поликристалног рубина. Морфологија површине 
траке и кристална структура је одређена условима ирадијације. 
Кључне речи: Смеша прахова Al2O3- Cr2O3, компакт, ласерски третман, рубин. 
 